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Abstract The authors presented the results of DNA poly-
morphism investigation of blood, buccal swabs and hair
follicles originating from patients after allogeneic hemato-
poietic stem cell transplantation. The real-time and multi-
plex assays based on polymerase chain reaction within the
range of autosomal as well as Y-chromosomal markers were
applied to assess the possible dangers arising from investi-
gation of these materials in forensic genetics. The results
revealed that not only post-transplant blood and buccal
swab, but also recipient hair, up to now regarded as devoid
of any donor’s cells, do not constitute entirely safe material for
forensic purposes. Their analysis can lead to the false identi-
fication of gender or male haplotype. The investigation of sex-
determining region Y and Y-chromosome short tandem
repeats performed in female recipients with male donors
resulted in the designation of donor’s DNA in hair cells as
well as in blood and buccal swabs. Therefore, biological stains
gathered from crime scenes should not be analysed exclusive-
ly based on the investigation of male-specific markers.
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Introduction
At the core of the research in forensic genetics is the as-
sumption that all cells creating a single individual have the
same DNA profile. This assumption enables the personal
identification and kinship analysis based on the extraction of
DNA from human remains or different human materials [1].
It allows the linking of offenders to crime scenes by match-
ing DNA samples secured from a wide range of biological
stains or taken from suspects to genetic profiles that have
been stored in the national DNA databases [2].
However, there are some reports proving that various
tissues may differ genetically and do not always have the
DNA profile of the person from whom they originate. This
can be the result of mutation [3] or congenital chimerism of
twins [4], resulting from the partial exchange of hematopoi-
etic stem cells during the foetal life. It is also possible when
the person, from whom the biological stain or tissues come
from, underwent allogeneic hematopietic stem cell trans-
plantation (allo-HSCT) in the past [5]. Numerous reports
document the ability of bone marrow stem cells to transform
into cells other than hematopoietic ones as well as their
ability to move within different tissues and organs [6–8].
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This can lead to the existence of heterogeneous or diverse
DNA material extracted from various tissues of the recipient,
which would constitute a significant threat in forensic genetic
investigations.
Therefore, the aim of the work was the DNA polymor-
phism analysis of blood, buccal swabs with epithelial cells
as well as hair follicles originating from patients after allo-
HSCT, and evaluation of any dangers arising from the
investigation of these materials both in the identification
and kinship analysis.
Material and methods
Thirty-two patients, who had undergone successful alloge-
neic hematopoietic stem cell transplantation between 32 and
2,764 days previously, were recruited from the Department
of Haematology at the Poznan University of Medical Scien-
ces in Poland. Seven patients had unrelated donors, 24
patients had sibling donors and one patient had a parent
donor. Sixteen women recipients had received allo-HSCT
from male donors. The Bioethics Committees of Medical
Universities of Lodz and Poznan gave their consent to the
research owing to decisions no. RNN/74/08/KE and no.
270/08, respectively. The informed consent for the investi-
gation was received from all the patients. The characteristics
of patients included in analyses are shown in Electronic
supplementary material (ESM) Table 1.
The post-transplant peripheral blood and buccal swabs
from every recipient as well as the reference material, i.e.
pre-transplant recipient and donor blood samples were col-
lected in duplicate and frozen until DNA extraction. As well
as this, four to 10 post-transplant hairs with roots from each
recipient were plucked and kept at room temperature before
the duplicate DNA extraction. The genomic DNA from all
the investigated materials was isolated by the Sherlock AX
kit (A&A Biotechnology). The total concentration of each
DNA sample was evaluated with a Qubit® fluorometer and
Quant-iT™ dsDNA HS kit (Invitrogen). The detection of
the sex-determining region Y (SRY) and the male DNA
quantity was performed with Quantifiler® Duo DNA Quan-
tification Kit in 7500 Real-Time polymerase chain reaction
(PCR) System with HID Analysis Software v.1.0. The co-
amplification with 5-dye detection of the 15 autosomal
unlinked loci and gender-determining amelogenin was per-
formed based on the AmpFlSTR® Identifiler™ PCR Am-
plification Kit according to the manufacturer’s protocol
(Applied Biosystems). Additionally, in male to female sam-
ples and in male to unrelated male samples co-amplification
with 5-dye detection of the 17 STR loci along the Y-
chromosome was conducted with the use of the AmpFlSTR
Yfiler™ PCR Amplification Kit (Applied Biosystems). Allele
detection was performed with GeneMapper® ID-X Software
v.1.2. using LIZ 600 v.2 size standard with reference allelic
ladder in 3500 Genetic Analyzer (Applied Biosystems).
Donor chimerism admixture was assessed according to
Nollet et al. [9].
Results and discussion
The assumption that all the cells in the human body have the
same DNA profile constitutes the basis for comparative
analysis in forensic genetics. This conviction allows genetic
profiles obtained from different tissues of particular persons
to be compared in regard to the kinship analysis as well as
personal identification [1]. It gives the possibility to match a
DNA profile recovered from a blood stain or hair taken from
a crime scene to a DNA profile that has been stored in the
DNA database after its determination in the buccal swab
taken from a suspect [2].
Nevertheless in special cases, this assumption can be
wrong. It can take place when tissues of recipients after
allogeneic stem cell transplantation are investigated [5, 6].
Adult stem cells can cross lineage barriers and differentiate
into cells outside their own tissue [10–13]. Experimental
and clinical studies have identified the donor’s cells in
different tissues of the recipients’ body [14–17].
The present work evaluated the dangers arising from the
investigation of blood and buccal swabs with epithelial cells
as well as hair follicles, which are among the most commonly
used materials in forensic genetics, taken from patients after
marrow cell transplantation.
The analysis of autosomal STR markers performed in the
investigated materials revealed the full donor’s DNA profile
in most of the blood recipient post-transplant samples and
the mixture (11–67 %) of the recipient’s and donor’s pattern
in the majority of buccal swabs. The remaining recipients
revealed a mixed profile (63–75 %) in blood and a full
autological profile in buccal swabs (see ESM Table 1).
The results of polymorphism DNA investigation received
for representative female patient no. 11, who underwent
successful allogeneic hematopoietic stem cell transplanta-
tion, is presented in ESM Fig. 1. It detailed the results of
CSF1PO locus—one out of 15 amplified autosomal STR
markers—detected subsequently in post-transplant recipient’s
materials: blood, epithelial buccal swab and hair follicles as
well as in pre-transplant donor’s and recipient’s samples.
These results are in agreement with earlier reports [5,
16–19]. The donor-derived cells were detected not only in
blood and buccal epithelial cells but also in fingernails,
which regenerate continuously throughout life and have
the same ectodermal origin as the hair [5, 15, 20]. In spite
of this, the hair follicles of all of the 32 investigated recip-
ients after successful allo-HSCT had a solely autologous
profile within autosomal DNA without the detection of any
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donor-origin cells (ESM Fig. 1). Some scientific efforts
have been undertaken earlier to reveal the donor-derived
cells in recipient hair. Dauber et al. [5], Rovo et al. [21],
Hong et al. [17], Zhou et al. [18] and, more recently, Berger
et al. [19], applying the autosomal STR-PCR analysis as the
only investigation method, documented a complete lack of
susceptibility for conversion to donor type in hair from
recipients of allo-HSCT. These results convince that only
hair follicles, and not fingernails or buccal swabs, remain
completely of the recipient’s origin. It was concluded that
hair follicles are the only reliable source of biological ma-
terial for forensic investigation.
The presented research, similar to the previously performed
investigations [22], proved the aforementioned conviction to
be false. The key to invalidating this belief was the application
of highly sensitive and male-specific methods enabling the
selective amplification of Y-chromosome markers. A similar
approach based on sex mismatched allografts was applied by
Tran et al. [23].
In the samples taken from 16 women who received
engraftment from a male donor, we performed TaqMan
probe-based real-time PCR male specific assay as a previous
step to the Y-chromosome short tandem repeat (Y-STR)
multiplex analysis. The amplification plot from the SRY
detected in post-transplant materials from the representative
female (no. 11), who received allo-HSCT from her brother as
well as in the donor’s sample and pre-transplant recipient’s
control is presented in Fig. 1.
The real-time PCR assay revealed in post-transplant sam-
ples of blood and buccal swabs, obtained from all 16
investigated women, donor-derived male DNA in the range
of 1.56–52.28 and 0.93–35.36 ng/μl, respectively. In the
hair follicles of 12 out of 16 female recipients after male
engraftment, the sequence of SRY gene was revealed,
which corresponds with male DNA ranging from 0.01 to
0.19 ng/μl found in the total DNA amount of 0,53–
20,31 ng/μl. Therefore, every one male cell of donor origin
detected in investigated women hair follicles coincided with
several dozen, a few hundred or even a few thousand female
ones.
The Y-STR study performed as the next step in the
analysis of Y-chromosome markers revealed the male hap-
lotype of donor origin in all 16 post-transplant blood and
buccal swabs samples and unexpectedly also in post-
transplant hair follicles taken from 14 out of 16 examined
women (87.5 %) after allo-HSCT. A full donor Y-haplotape
with 17 loci was revealed in the hair follicles of 10 female
recipients, while in the four of them a partial donor Y-
haplotape with three to nine loci was detected. Only in the
hair follicles of two remaining women (12.5 %), where SRY
gene was undetected, none of 17 Y-STR markers were
revealed. The Y-STR haplotype, received for representative
female recipient no. 11 is presented in ESM Fig. 2. It
detailed DNA alleles within three (DYS439, DYS635,
DYS392) out of 17 investigated loci, detected in her blood,
epithelial buccal swabs, hair follicles and pre-transplant
control and as well as in the sample of the male donor.
The detection of donor-derived DNA fractions based on
the analysis of SRY and Y-STR markers and the lack of any
donor fractions in parallel performed analysis of autosomal
markers in hair derived from females, who had undergone
transplantation with male hematopoietic stem cells, has a
relatively simple explanation. The overwhelming quantities
of the female DNA mixed with the male DNA caused the
preferential amplification of the female fraction and the
inhibition of the amplification of the male one [24]. This is
a well-known fact in forensic genetics, e.g. in samples col-
lected after sexual assaults [25]. A very small amount of the
donor’s origin cells in the recipient’s hair at the level of 0.01–
0.0001 did not allow for the appearance of the minor compo-
nent of the mixture. On the other hand, the use of highly
sensitive markers allowing for selective amplification of male
donor cells revealed SRY region and donor’s Y-STR haplo-
type not only in post-transplant blood and buccal swabs, but
also in the hair follicles of the recipients.
What is important, we found no SRY sequence and no Y-
STR markers in any of the pre-transplant control samples
taken from the investigated women recipients who had
received allo-HSCT from male donors just as was the case
with the representative female recipient presented in Fig. 1
and ESM Fig. 2. Thus, we ruled out the hypothesis that the
observed donor’s fraction in the hair of the females was the
result of prenatal male microchimerism.
Fig. 1 Amplification plot from a male specific real-time PCR assay
with SRY sequence (Quantifiler® Duo DNA Quantification Kit)
detected consecutively in the donor’s sample (D), post-transplant recip-
ient’s materials: buccal swab (B), blood (A), hair follicles (C) and pre-
transplant recipient’s control (R)
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Conclusion
To sum up, our investigation confirmed that hair follicles as
well as blood and buccal swabs are not an entirely safe
material for forensic purposes. Their analysis based on the
autosomal DNA revealed 100 % of the recipient’s profile.
However, the analysis based on Y-chromosome markers
performed in female recipients with male engraftment,
resulted in the designation of the SRY gene and Y-STR
haplotype of donor origin in hair cells as well as in blood
and buccal swabs. Therefore, the biological stains gathered
from crime scenes should not be analysed exclusively based
on the analysis of Y-chromosome markers.
Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribution,
and reproduction in any medium, provided the original author(s) and
the source are credited.
References
1. Andréasson H, Nilsson M, Budowle B, Lundberg H, Allen M
(2006) Nuclear and mitochondrial DNA quantification of various
forensic materials. Forensic Sci Int 164:56–64
2. Bond JW, Hammond C (2008) The value of DNA material recov-
ered from crime scenes. J Forensic Sci 53:797–801
3. Pearson H (2002) Dual identities. Nature 417:10–11
4. Segal NL (2005) Chimeric dizygotic twins; twin study summaries;
news at home and abroad. Twin Res Hum Genet 8:178–181
5. Dauber EM, Dorner G, Mitterbauer M, Wenda S, Faé I, Glock B,
Mayr WR (2004) Discrepant results of samples taken from differ-
ent tissues of a single individual. Int Congr Ser 1261:48–49
6. Abkowitz JL (2002) Can human hematopoietic stem cells become
skin, gut, or liver cells? N Engl J Med 346:770–772
7. Körbling M, Katz RL, Khanna A, Ruifrok AC, Rondon G, Albitar
M, Champlin RE, Estrov Z (2002) Hepatocytes and epithelial cells
of donor origin in recipients of peripheral-blood stem cells. N Engl
J Med 346:738–746
8. Suratt BT, Cool CD, Serls AE, Chen L, Varella-Garcia M, Shpall
EJ, Brown KK, Worthen GS (2003) Human pulmonary chimerism
after hematopoietic stem cell transplantation. Am J Respir Crit
Care Med 168:318–322
9. Nollet F, Billiet J, Selleslag D, Criel A (2001) Standardisation of
multiplex fluorescent short tandem repeat analysis for chimerism
testing. Bone Marrow Transplant 28:511–518
10. Herzog EL, Chai L, Krause DS (2003) Plasticity of marrow-
derived stem cells. Blood 102:3483–3493
11. Grove JE, Bruscia E, Krause DS (2004) Plasticity of bone marrow-
derived stem cells. Stem Cells 22:487–500
12. Tögel F, Westenfelder C (2007) Adult bone marrow-derived stem
cells for organ regeneration and repair. Dev Dyn 236:3321–3331
13. Körbling M, Estrov Z, Champlin R (2003) Adult stem cells and
tissue repair. Bone Marrow Transplant 32(Suppl 1):S23–S24
14. Hung EC, Shing TK, Chim SS, Yeung PC, Chan RW, Chik KW, Lee
V, Tsui NB, Li CK,Wong CS, Chiu RW, Lo YM (2009) Presence of
donor-derived DNA and cells in the urine of sex-mismatched
hematopoietic stem cell transplant recipients: Implication for
the transrenal hypothesis. Clin Chem 55:715–722
15. Pearce L, Lim ZY, Usai M, Ho AY, Mufti GJ, Pagliuca A (2008)
Mixed donor chimaerism in recipient fingernails following
reduced-intensity conditioning haematopoietic SCT. Bone Marrow
Transplant 42:361–362
16. Thiede C, Prange-Krex G, Freiberg-Richter J, Bornhäuser M,
Ehninger G (2000) Buccal swabs but not mouthwash samples
can be used to obtain pretransplant DNA fingerprints from recip-
ients of allogeneic bone marrow transplants. Bone Marrow Trans-
plant 25:575–577
17. Hong YC, Liu HM, Chen PS, Chen YJ, Lyou JY, Hu HY, Yi MF,
Lin JS, Tzeng CH (2007) Hair follicle: a reliable source of recip-
ient origin after allogeneic hematopoietic stem cell transplantation.
Bone Marrow Transplant 40:871–874
18. Zhou Y, Li S, Zhou J, Wang L, Song X, Lu X, Wang J, Ye Y, Ying
B, Jia Y (2011) DNA profiling in blood, buccal swabs and hair
follicles of patients after allogeneic peripheral blood stem cells
transplantation. Legal Med (Tokyo) 13:47–51
19. Berger B, Parson R, Clausen J, Berger C, Nachbaur D, Parson W
(2012) Chimerism in DNA of buccal swabs from recipients after
allogeneic hematopoietic stem cell transplantations: implications for
forensic DNA testing. Int J Legal Med. doi:10.1007/s00414-012-
0687-5
20. Imanishi D, Miyazaki Y, Yamasaki R, Sawayama Y, Taguchi J,
Tsushima H, Fukushima T, Yoshida S, Sasaki H, Hata T, TomonagaM
(2007) Donor-derived DNA in fingernails among recipients of alloge-
neic hematopoietic stem-cell transplants. Blood 110:2231–2234
21. Rovó A, Meyer-Monard S, Heim D, Arber C, Passweg JR, Gratwohl
A, Tichelli A (2005) A No evidence of plasticity in hair follicles of
recipients after allogeneic hematopoietic stem cell transplantation.
Exp Hematol 33:909–911
22. Jacewicz R, Lewandowski K, Rupa-Matysek J, Jedrzejczyk M,
Brzezinski PM, Dobosz T, Jonkisz A, Szram S, Komarnicki M,
Berent J (2010) Donor-derived DNA in hair follicles of recipients
after allogeneic hematopoietic stem cell transplantation. Bone
Marrow Transplant 45:1638–1644
23. Tran SD, Pillemer SR, Dutra A, Barrett AJ, Brownstein MJ, Key S,
Pak E, Leakan RA, Kingman A, Yamada KM, Baum BJ, Mezey E
(2003) Differentiation of human bone marrow-derived cells into
buccal epithelial cells in vivo: a molecular analytical study. Lancet
361:1084–1088
24. Malsom S, Flanagan N, McAlister C, Dixon L (2009) The preva-
lence of mixed DNA profiles in fingernail samples taken from
couples who co-habit using autosomal and Y-STRs. Forensic Sci
Int Genet 3:57–62
25. Benschop CC, Wiebosch DC, Kloosterman AD, Sijen T (2010)
Post-coital vaginal sampling with nylon flocked swabs improves
DNA typing. Forensic Sci Int Genet 4:115–121
362 Int J Legal Med (2013) 127:359–362
